Introduction
2-Mercaptobenzothiazole (MBT) is one of the most efficient and versatile organic corrosion inhibitors for several alloys used in the automotive, aeronautic and other industries. The nitrogen and sulfur high electron density atoms can act as adsorption centers to metals [1] , favoring the formation of self-assembled protective layers [2] .
However, the direct application of organic corrosion inhibitors in metal protective coatings might result in the decrease of their efficiency or quality [3, 4] . One solution, is the use of inert nanocontainers [4] capable of immobilizing the inhibitors and release them upon a local variation of the properties associated with corrosion (such as pH [5] ) and/or degradation of the coating [4] . MBT in particular is one of the most common inhibitors for which this strategy has been employed [6] [7] [8] [9] [10] [11] [12] [13] .
The chemical speciation of MBT in aqueous solution ( Fig. 1 ) has a decisive influence on its release rate from nanocontainers and the type of adsorption onto the Abstract In order to understand the chemical speciation of 2-mercaptobenzothiazole (MBT) corrosion inhibitor as a function of pH, the experimental electronic absorption spectra was compared with those calculated at the EOM-CCSD, TD-M06-2X and TD-B3LYP levels of theory for several different species that may result from MBT reactions in aqueous solution. The computational spectroscopic analysis was supported by the energetics of tautomerization, deprotonation, non-covalent association and ion-pair formation reactions calculated at the M06-2X/6-31++G(d,p) level of theory. The thioketonic and deprotonated anionic forms of MBT were found to be the main species depending on the pH, while the formation of the ion-pair was also supported under basic conditions, especially when put in perspective of the release profiles of the inhibitor from nanocontainers published in the literature.
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78 Page 2 of 11 metal. The release of MBT from nanocontainers, under different trigger conditions of pH [9, [11] [12] [13] and NaCl concentration [9] , has been rationalized in terms of acid-base equilibrium and the formation of the MBTNa ion-pair, respectively. In the case of the protection of the metal by MBT, the tautomeric and acid-base equilibria have been proposed to affect the formation of selfassembled monolayers [2, 14] and its inhibition efficiency [1, 7, 15, 16] .
Besides being used as a corrosion inhibitor and a rubber vulcanization accelerator, MBT continues to find new applications due to its chelating ability [17] [18] [19] . For this reason, its structural properties are a matter of wide interest [1, 20] . In our research group, MBT was recently investigated concerning its photodegradation mechanism [21] . Due to its importance to understand the corrosion inhibition mechanism of different active metals after the release of inhibitors from supramolecular containers, the tautomeric, acid-base and ion-pair equilibria ( Fig. 1) in aqueous solution as a function of pH and in the presence of NaCl, are herein investigated considering a combined UV-Vis electronic absorption, computational spectroscopic (EOM-CCSD, TD-M06-2X and TD-B3LYP) and energetic (M06-2X) study.
The chemical speciation of MBT in solution is a major challenge to find its ideal application conditions [1, 20, [22] [23] [24] [25] [26] . The present work aims to render insights on the structure of MBT under favorable conditions for the occurrence of corrosion, which is fundamental to understand the chemisorption or physisorption of MBT onto metals, the formation of self-assembled protective multilayers, and its release from supramolecular containers [4] .
UV-Vis electronic spectroscopy details
All the chemicals were obtained from Sigma-Aldrich with a minimum purity degree of 98 % and used without any further purification.
A 2 × 10 −2 M MBT solution was prepared by dissolution of MBT powder in 2 × 10 −2 M NaOH under vigorous stirring until total dissolution of MBT in NaOH solution. Afterwards, a 4 × 10 −5 M MBT solution was prepared after dilution of the 2 × 10 −2 M MBT solution with deionized water and stored in the absence of light. The pH of aliquots of the 4 × 10 −5 M MBT solution was changed by the addition of drops of 5 × 10 −2 M NaOH or 5 × 10 −2 M HNO 3 . Absorbance values were immediately collected after the preparation of the solutions in order to minimize the influence of any other external effects besides the influence of pH.
UV-Vis electronic absorption spectra of MBT solutions of different stable pHs were collected using a Sarspec SPEC SPEED+ UV/Vis with a quartz cuvette (l = 1 cm) and deionized water as a background reference.
Three independent replicates of this procedure were performed, one being presented during the discussion of the results and other two in the Supplementary Material.
All the pH values were measured using a HACH HQ40d Portable pH-meter with an IntelliCAL™ PHC101 standard gel filled pH electrode in the pH range between 2 and 11.
Computational details
All the computational calculations reported in this work were performed using the Gaussian 09 code [27] . The molecular structures of MBT and its derivatives used for the simulation of the absorption spectra, calculation of association energies and logarithmic acid dissociation constants were optimized using density functional theory (DFT) with the hybrid functional of Truhlar and Zhao (M06-2X) [28] and the 6-31++G(d,p) basis set. The structures were characterized as true minima on the potential energy surface from a vibrational frequencies analysis in which imaginary modes were absent. The vibrational frequencies calculations were also used to obtain the thermal corrections to enthalpies and Gibbs free energies of association and deprotonation reactions, at T = 298.15 K.
To implicitly simulate the influence of water, the Polarizable Continuum Model (PCM) [29] as a self-consistent reaction field (SCRF) was used for the calculation of equilibrium geometries, vibrational frequencies, association energies, excited state calculations and logarithmic acid dissociation constants. For comparison with experimental logarithmic acid dissociation constants, dimethyl sulfoxide (DMSO) was also used as implicit solvent.
After the M06-2X/6-31++G(d,p) optimization step, three methods were used to predict the absorption spectra of MBT through the calculation of excited state single point energy calculations. Since the geometry of the excited state was assumed to be the same as the fundamental state, the theoretical excitation energies and oscillator strengths calculated correspond to vertical transitions. The methods used were the time-dependent [30] density functional theory with the hybrid B3LYP [31] and M06-2X [28] functionals (TD-B3LYP and TD-M06-2X, respectively), both solved for twenty states, and the equation of motion coupled cluster singles and doubles (EOM-CCSD) theoretical method [32, 33] , which was solved for fifteen states. Atomic electronic densities were described with the 6-31++G(d,p) basis set. The EOM-CCSD method was chosen because it was suggested to be able to provide accurate excitation energies [34] and oscillator strengths [35] that can be used to interpret the positions and intensities, respectively, of the experimental UV-Vis absorption bands. Caricato has also shown that the EOM-CCSD method can be efficiently applied together with the PCM method (EOM-CCSD-PCM), to simulate the polarization effects of the solvent, allowing to obtain excitation energies that follow the experimental trends [36] . While EOM-CCSD calculations are computationally feasible for small molecules, such computations become rapidly very expensive for larger systems. So, for comparison purposes, the TD-DFT methods were also chosen because they are less expensive than the EOM-CCSD and can be interesting alternatives for the study of larger molecules.
The association enthalpies and Gibbs energies calculated at the M06-2X/6-31++G(d,p) level of theory were corrected for basis set superposition error with the counterpoise method [37, 38] . Since the Gaussian 09 code [27] does not allow the use of counterpoise correction together with the PCM method, a two-step methodology was used. In the first step, geometry optimization and vibrational frequencies calculation were performed within the SCRF formalism and, in the second step, the counterpoise correction was calculated without considering the PCM method (gasphase calculation) using the geometry optimized in the previous step. In the case of the most stable conformation of MBTNa, the association enthalpies and Gibbs energies were also obtained using the PCM method together with a correction for basis set superposition error (BSSE) by calculating the energy of each fragment in the presence of ghost functions of the other fragment (MBT − in the presence of ghost functions of Na + , and Na + in the presence of ghost functions of MBT − ). Logarithmic acid dissociation constants (pK a ) were calculated considering a thermodynamic cycle described in detail elsewhere [39] , which is based on the reaction described by Eq. (1), where AH represents an acid [MBT, 1H-benzimidazole, 1,3-benzothiazole, benzo-1,2,3-triazole, indole, thiophenol, 1,2-benzisothiazol-3(2H)-one or 1,2-benzoxazolin-2(3H)-one] and A − the respective conjugate base. From the computational Gibbs energies in the gaseous phase and the respective solvation energies calculated with the M06-2X/6-31++G(d,p)/PCM method, Eq. (2) was used to obtain the deprotonation Gibbs energy in the aqueous phase for reaction (1), ∆G(aq). Since the G(g) standard state is 1 atm and the standard state for the solvation energies is 1 M, G(g) values were converted to 1 M using Eq. (3) and considering that the molar volume occupied by an ideal gas at 298.15 K and 1 atm is V m = 24.46 dm 3 . Assuming ∆G(aq) = ∆G°, it was possible to calculate the pK a values according to Eq. (4). In the case of H + , the Gibbs energy in the gaseous phase, G(g) = − 26.28 kJ mol −1 , was calculated using the SackurTetrode equation [40] , and for the Gibbs energy of solvation, the experimental value G(solv) = − 1104.58 kJ mol −1 [39, 41] was used. Considering the methodology described above, Eq. (5) was deduced [39] , and the pK a constants were calculated.
(1)
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Electronic absorption results
Figure 2 presents the UV-Vis spectra of MBT aqueous solutions (4 × 10 −5 M) with different pH values. The UV-Vis spectra reveal that MBT possesses two absorption bands, one with maximum absorbance at the wavelength range of 230-240 nm (peak A) and a second at 308-320 nm (peak B). The main features of these spectra are that for pH higher than 7 the maximum absorbance of peak B shifts to lower wavelengths, and is more intense in comparison with peak A for all the considered pH values. Two other independent replicates of the UV-Vis spectra, in good agreement with those presented in Fig. 2 , can be found in the Supplementary Material.
The absorbance of peak A decreases from pH 2 to pH 8, reaching its lowest value. From pH 8 to pH 9 it is seen an increase of the absorbance of this peak. For pH values higher than 9, the absorbance remains nearly constant until pH 11.
In the case of peak B it is observed that the absorbance is almost constant between pH 2 and pH 7. For pH values higher than 7, the absorbance of peak B diminishes until pH 9. Above pH 9 and up to pH 11, the absorbance of peak B stays unaltered.
Discussion

Tautomeric equilibrium in the crystalline phase
Identifying the existing tautomeric form of MBT in the crystalline phase is identifying the tautomeric form that exists in the starting material used in this study and, also, the favored tautomeric form under conditions with the strongest degree of non-covalent interactions between the molecules through hydrogen bonding and π···π staking, such as in a MBT protective film on top of a metal [2, 14] .
In order to make this identification, bond lengths of the optimized structures of MBThiol and MBThione (Fig. S3 of the Supplementary Material) at the M06-2X/6-31++G(d,p) level of theory were compared with those obtained from crystallographic structures reported in the literature [42, 43] . The probability ellipsoids of the electronic density of the hydrogens was not determined experimentally [42, 43] and, for this reason, the favored tautomeric form in the crystalline phase is not clearly known.
The experimental bond lengths for the crystalline phase and those calculated with the M06-2X approach for MBThiol and MBThione are presented in Figure S3 of the Supplementary Material. From the agreement between the bond lengths obtained for MBThione and those obtained experimentally for the crystalline phase, particularly for the C-N and C-S bonds, is possible to conclude that this is the form that exists in the crystal and, probably, in the case of the formation of a protective film over certain metallic surfaces where intermolecular interactions between the molecules also play a fundamental role [2] . This conclusion is supported by the energetic results presented in Fig. 3 , which show that MBThione has more favorable hydrogen bonding and π···π stacking interactions, which particularly in the case of the hydrogen-bonded dimers resemble those existent in the crystalline structure [42, 43] . These results also show that the equilibrium for the reaction of conversion between the associated tautomers is displaced towards MBThione.
Tautomeric equilibrium in solution under near neutral conditions
In order to interpret the experimental UV-Vis spectra obtained for several pH values (Fig. 2) , the absorption spectra of different MBT species were simulated computationally at the EOM-CCSD/6-31++G(d,p), TD-M06-2X/6-31++G(d,p) and TD-B3LYP/6-31++G(d,p) levels of theory (Table 1 ; Fig. 4 ). Molecular orbitals responsible for these transitions are represented in Figure S4 of the Supplementary Material. The tautomeric equilibrium between MBThiol and MBThione and the possible protonation and deprotonation of these species to form MBTH + or MBT − under acidic and basic conditions, respectively, were taken into account. In the case of MBThiol, only the cis conformation (with the S-H bond directed to the C-N bond) was considered, since it is more stable than the trans conformation, according to the results presented in Fig. 5 .
Comparing the experimental and computational wavelengths, under neutral conditions, peak A can be attributed to MBThiol or to MBThione, whereas, peak B can only be attributed to MBThione. According to the experimental UV-Vis spectra (Fig. 2) , peak B is always more intense than peak A. This attribution is in agreement with the theoretical peak B of MBThione having a higher oscillator strength in comparison with peak A of MBThiol or MBThione.
In order to verify to which tautomeric form (MBThiol or MBThione) can be attributed the peak A of the experimental UV-Vis, their pK a 's were also computed as described in the Computational Details section. The accuracy of the results obtained was analyzed comparing the theoretical pK a 's with experimental values available in literature for compounds with similar structural features (1H-benzimidazole [44] , 1,3-benzothiazole [44] , benzo-1,2,3-triazole [44, 45] , indole [44, 46] , thiophenol [47], 1,2-benzisothiazol-3(2H)-one [48] and 1,2-benzoxazolin-2(3H)-one [48] ). From the nine pK a values available in literature and presented in Table S2 of the Supplementary Material it is found that the mean absolute deviation between the experimental and computational results is 1.6, whereas the mean deviation is −0.4, which shows that the computational approach is suitable for calculating pK a values of this kind of organic compounds, thus supporting the use of the calculated data for the interpretation of the UVVis spectra.
The pK a value of MBThiol reported in Table 2 is too low for this form to exist in equilibrium with MBThione at neutral and near neutral pH, thus making it unlikely for this species to describe peak A. For example, considering Eq. (6), where A − and AH correspond to the deprotonated anionic form and the neutral form, respectively, for pH = 7, taking into account only the pK a of MBThiol, the molar percentages of MBThiol and MBT − would be 0.0 and 100.0 %, respectively. Moreover, the difference between the Gibbs energies of MBThiol and MBThione (Fig. 5 ) also confirms this conclusion, since according to Eq. (7), where G • m (i) is the computed Gibbs energy in the aqueous phase of each tautomer at T = 298.15 K, MBT exists only as MBThione (x i (MBThione) ≈ 100.0 %, x i (MBThiol) ≈ 0.0 %).
Acid-base equilibrium under basic conditions
At basic pH peak B presents a slightly lower absorption wavelength than in the cases of acidic and neutral pHs (Fig. 1) , which is in agreement with the lower EOM-CCSD and TD-M06-2X absorption wavelength of peak B observed for MBT − than for MBThione (Table 1 ; Fig. 3 ). It should be noted that only EOM-CCSD and TD-M06-2X seem able to predict this subtle decrease of the wavelength, being more clearly noticed in the case of the more accurate description of the wavefunction, EOM-CCSD. In fact, by comparing the TD-B3LYP with the TD-M06-2X and EOM-CCSD results for MBT − and MBThione (Table 1) , it is seen that the former approach provides an opposite variation to that obtained by the other two. The computed oscillator strength for peak B decreases from MBThione to (6) [A − ]
[AH] = 10 pH−pK a (7) (Table 1 ; Fig. 3 ), which is also in agreement with a lower absorbance of the experimental peak B for pH > 7 in comparison with absorbance values at acidic and neutral pHs (Fig. 1) . It is also worth mentioning that this decrease of intensity from MBThione to MBT − is also more notorious in the case of the EOM-CCSD method. The qualitative agreement between the experimental and calculated trends of the position and relative intensities of the peaks allow to attribute MBT − as being responsible for the observed peaks for pH > 7, whereas at acidic and neutral pHs the importance of MBThione should increase, depending on the pK a value of MBT.
Considering Eq. (6) and the calculated pK a reported in Table 2 for MBThione, it is possible to conclude that the UV-Vis spectra at near neutral conditions correspond to the neutral molecule (MBThione) in equilibrium with the deprotonated anionic form, whereas for pH > 8 it can be attributed mainly to MBT − , as can be verified by the molar percentages presented in Fig. 6 .
Furthermore, the calculated pK a for MBThione is very similar to that obtained by Malouki et al. [24] , which allows to mutually validate our analysis and recommend their value as the most likely pK a for this compound.
Tautomeric and acid-base equilibrium under acidic conditions
As for the presence of MBThiol at very acidic pH, the TD-B3LYP and TD-M06-2X calculations predict a shift of both peaks of MBThiol to lower wavelengths in comparison with MBThione (which is the main species at neutral and near neutral pHs as shown above), whereas the EOM-CCSD results predict the existence of only peak A for MBThiol (Fig. 3) , which is not the case when observing the experimental UV-Vis spectra (Fig. 1) . As a result, even at pH = 2, the absorption bands obtained experimentally do not correspond to MBThiol and therefore MBThione is still the favored tautomeric species. To find out if MBTH + can be the predominant form at pH = 2, the UV-Vis spectra of MBTH + was also simulated theoretically. The simulated spectra with the three methods show that both peaks A and B of MBTH + appear at significant lower wavelengths than those of MBThione, which is not the case when comparing the experimental absorption spectra at pH = 2 with the absorption spectra at near neutral pH. As a result, the protonation of MBThione to form MBTH + at very acidic pH is not likely to occur in the pH range examined in this study (pH = 2-11).
Formation of MBTNa
Another factor that might influence the experimental UVVis spectra under basic conditions is the formation of an ion-pair between deprotonated MBT and the sodium cation resulting from the base (NaOH) added to the solution. To find out if this association would be favorable, the interaction energies between MBT − and Na + were calculated at the M06-2X/6-31++G(d,p)/PCM level of theory and corrected for BSSE. For comparison, the association between neutral MBT and Na + was also analyzed. According to the results presented in Fig. 7 , the association of Na + with MBT − is more favorable than with MBThione and MBThiol. There is also one conformation of MBT − ·Na + (conformation I) for which the enthalpy of association is very favorable and large enough to overcome the translational and rotational entropic penalty [49] arising from the formation of the ion-pair, resulting in a negative Gibbs reaction energy. The favorable association obtained for conformation I of MBT − ·Na + was confirmed by two different methods of taking into account implicit solvation effects and correction for BSSE, as described in the Computational Results section. Moreover, the association between MBT − and Na + seems large enough in terms of enthalpy and Gibbs energy to be more extensive than the interaction of MBT − with one water molecule. (Table 1) , the calculated excitation energies and intensities for MBTNa are nearly the same as for MBT − . For this reason, the UV-Vis spectra obtained for pH > 7 using NaOH as a base, might also be attributed to MBTNa.
During the analysis of the release profiles of MBT from nanocontainers based on silica nanocapsules [9] in NaCl aqueous solutions, it was verified that as the concentration of NaCl increased, the extent and rate of MBT release from the nanocontainers also increased. Since ionic exchange is not known to be a driving force for the release of molecules from this type of containers, this result was previously interpreted [9] in terms of the formation of MBTNa, which is known to be more soluble than neutral MBT [50] . The present energetic and spectroscopic analysis also supports this assumption, and the ability of Na + to have some degree of association with MBT − has also been verified by other authors [51] .
Simulation of the UV-Vis electronic spectra
Taking into account the results discussed above and based on the predicted UV-Vis spectra for MBThione and MBT − together with the molar percentages of both forms as a function of pH, calculated using the experimental pK a value [24] validated in this study, the spectra of MBT were corrected for BSSE using ghost functions as described in the Computational Details). Red is oxygen and the remaining colors are as in Fig. 1 was predicted considering the EOM-CCSD method, since it represents more accurately the majority of the features essential to understand the experimental UV-Vis spectra. The obtained spectra presented in Fig. 8 resemble the most noticeable features of the experimental UV-Vis presented in Fig. 2 , particularly: (1) peak A is more intense for very acidic pH than for very basic pH, passing throw a minimum at near neutral pH; (2) peak A is shifted to higher wavelengths as the pH increases, although the degree of this shift is smaller in the experimental spectra; (3) peak B is more intense for acidic pH than for basic pH; and (4) peak B exhibits a shift to lower wavelengths as the pH increases.
The similarity between the experimental and simulated spectra supports that, in aqueous solution, MBT exists in equilibrium mainly between MBThione and MBT − (and between MBT − and Na + as verified above) depending on the pH of the solution, which has direct implications on the corrosion inhibition mechanism of metals [7] .
Based on the discussion above, the chemical speciation of MBT, in aqueous solution as a function of pH and also in the crystalline phase, is summarized in Fig. 9 . As it can be seen, MBThione is favored at acidic and near neutral pH while isolated or sodium complexed MBT − species are favored at higher pH values.
Conclusions
In this study the tautomeric, acid-base and ion-pair formation equilibria were investigated by comparing the UVVis electronic absorption spectra obtained for several pHs with the electronic transitions calculated computationally at the EOM-CCSD/6-31++G(d,p)/PCM, TD-M06-2X/6-31++G(d,p)/PCM and TD-B3LYP/6-31++G(d,p)/PCM levels of theory for different MBT species, which allowed to conclude that the EOM-CCSD method reproduces all the features of the obtained electronic absorption spectra, while the TD-M06-2X is also able to predict most aspects of the spectra, hence offering a good compromise between accuracy and computational cost. The spectroscopic study was supported by the calculation of the enthalpies and Gibbs energies of tautomerization, deprotonation, association and ion-pair formation reactions using the M06-2X/6-31++G(d,p) computational method. The identification of Notice that equations are unbalanced on purpose the main MBT species allowed to clarify several contradictory reports in literature regarding its tautomeric and acidbase equilibria, making possible to optimize its application conditions, as well as to establish a foundation for future molecular modeling adsorption studies dealing with the inhibition efficiency of MBT.
